Impacts of water surface area of watershed on design flood  by Zhang, Qing-hua et al.
 
 
 
Water Science and Engineering, 2014, 7(1): 41-48 
doi:10.3882/j.issn.1674-2370.2014.01.005 
                                                                             http://www.waterjournal.cn 
                                                                    e-mail: wse2008@vip.163.com 
üüüüüüüüüüüüü 
This work was supported by the Major Water Conservancy Scientific Research and Technology Promotion 
Project of Shandong Province, the Special Fund for the Public Welfare Industry of the Ministry of Water 
Resources of China (Grant No. 201201022), and the Open Foundation of the State Key Laboratory of 
Hydrology-Water Resources and Hydraulic Engineering of Hohai University (Grant No. 2011490111). 
*Corresponding author (e-mail: zqh@sdau.edu.cn) 
Received Oct. 30, 2012; accepted Jun. 24, 2013 
Impacts of water surface area of watershed              
on design flood 
Qing-hua ZHANG*1, Yan-fang DIAO1, 2, Jie DONG1 
1. College of Water Conservancy and Civil Engineering, Shandong Agricultural University,           
Taian 271018, P. R. China 
2. State Key Laboratory of Hydrology-Water Resources and Hydraulic Engineering,                  
Hohai University, Nanjing 210098, P. R. China 
Abstract: In order to analyze the impact of the water surface area of a watershed on the design 
flood, the watershed was classified into a land watershed and a water surface watershed for flood 
flow calculation at the same time interval. Then, the design flood of the whole watershed was 
obtained by adding the two flood flows together. Using this method, we calculated design floods 
with different water surface areas of three reservoirs and analyzed the impact of water surface area 
on the flood volume and peak flow. The results indicate that larger water surface areas lead to 
greater impacts on the flood volume and peak flow. For the same watershed area, the impact of 
water surface area on the flood volume and peak flow is positively proportional to the flood 
frequency, i.e., the higher the frequency, the greater the impact becomes.     
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1 Introduction 
In the design of water conservancy and hydropower projects, it is required that design floods 
at different flood frequencies, including peak flows, various flood volumes, and hydrographs, be 
calculated. Reasonable design floods play an important role in engineering design since their 
reliability and accuracy directly affect the engineering design scale and operation control schedule. 
The design flood is usually estimated based on the flow or storm data. Under the 
condition that the actual flow data within a watershed are not available, storm data may be 
used to estimate the design flood. Currently, studies of the design flood focus primarily on its 
estimation at ungauged sites, calculation methods of design flood synthesis, and optimization 
methods for fitting the design flood frequency curve.  
Zhou et al. (2004) proposed a regional regression method to estimate the design flood at 
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ungauged sites. Sui (2005) proposed the calibrated hydrologic engineering center-1 (HEC-1) 
model and applied it to rainfall-runoff simulation for an ungauged watershed. Castellarin 
(2007) also applied probabilistic envelope curves to design flood estimation at ungauged sites. 
To investigate the calculation method of the design flood synthesis, Xie et al. (2006) used 
the first-order second-moment method to analyze the design flood synthesis influenced by 
upstream reservoirs, and then deduced the design flood hydrograph from the typical flood 
hydrograph. Liu (2005) adopted the stochastic simulation to calculate the design flood 
synthesis in the Cuijiaying navigation and hydropower project. Ji (2005) proposed the 
probabilistic combination method to calculate the design flood for cascade reservoirs. 
For optimizing the fitting method of the design flood frequency curve, Song and Kang 
(2008) presented three fitting methods based on the simulated annealing, the genetic algorithm, 
and a coupling of the simulated annealing and genetic algorithm. The ant colony system (ACS) 
algorithm, inspired by the ant foraging principle, was also used to solve the problem of 
homogenous frequency enlargement of design floods, and the sketch of ant foraging for design 
flood computation was constructed with detailed processes (Xie et al. 2007). Four continuous 
probability distribution functions (PDFs), namely, the two-parameter Beta, Weibull, Gamma, 
and Lognormal distribution functions, were employed to fit the hydrographs of the Brahmani 
River in eastern India for a period of 22 years (Pramanik et al. 2010). 
In estimation of the design flood from rainstorm data, the focus is on the precision of 
runoff generation and flow concentration forecasts. The Monte Carlo simulation technique is 
presented based on the joint probability approach, which incorporated the probabilistic 
characteristics of key input variables, such as the rainfall intensity, duration, temporal pattern, 
initial loss, and their correlations in flood estimation (Ataur et al. 2002). Jain et al. (2000) used 
the GIS-based geomorphological instantaneous unit hydrograph (GIUH) approach to estimate 
the design flood. A structure of a continuous semi-distributed rainfall-runoff model, named 
MISDc, was also presented by Brocca et al. (2011) for flood simulation in the upper Tiber 
River in central Italy.  
In hydraulic engineering construction, large quantities of diversion works and water 
storage works have been built to fully utilize rain and flood resources. Since these water 
storage works have small watershed areas, the quantity of active water mainly depends on 
water diversion from other watersheds. These water storage works have large water surface 
areas, occupying a large part of the entire watershed. At present, there has been little research 
on the design flood calculation for such projects. In this study, taking three reservoirs as 
examples, we calculated design floods with different water surface areas, considering the land 
area and water surface area, and analyzed the impact of the water surface area on the design 
flood calculation. In this paper, we also put forward suggestions for design flood calculation 
with the water surface area taken into consideration. 
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2 Research method 
In the process of flood formation, rainfall outside the boundary of the reservoir water 
surface (hereinafter referred to as the land watershed) forms a flood process after runoff 
generation and flow concentration processes, whereas rainfall inside the boundary of the 
reservoir water surface (hereinafter called water surface watershed) directly forms a flood 
process without causing runoff generation and flow concentration processes. Thus, a 
watershed was classified into a land watershed and a water surface watershed for flood flow 
calculation in this study. Consequently, the two flood flows calculated at the same time 
interval were added together to form the reservoir inflow design flood of the whole watershed. 
It should be pointed out that the design flood is defined in this paper as the reservoir inflow 
design flood. 
2.1 Design flood of land watershed 
The method of calculation of the design flood of a land watershed is the same as the 
current approach of design flood estimation based on storm data, in which the storm data 
within the watershed or the regional rainstorm isogram are used to estimate the point rainfall, 
area rainfall, net rainfall, and net rainfall interval distribution at different flood frequencies. 
Then, the flow hydrographs at different frequencies are estimated with the instantaneous unit 
hydrograph method. 
2.2 Design flood of water surface watershed 
The flood volume is the rainfall on the water surface watershed. According to the 
principle of the water balance for reservoir flood routing, the average flood flow can be 
approximately calculated as follows: 
W
1
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Q S R
t
=
Δ
                               (1) 
where tQ  is the average flood flow during the tth time interval (m
3/s), tΔ is the time interval 
(h), WS  is the area of the water surface watershed (km
2), and PtR  is the rainfall at the tth 
time interval and frequency P (mm). 
3 Calculations and analysis 
3.1 Study cases 
The design flood is related to the design storm, watershed area, runoff generation, and 
flow concentration conditions. This study took three reservoirs as examples to calculate design 
floods of different frequencies, including the Shengli Reservoir in Taian City and the 
Wujiazhuang and Yangzhuang reservoirs in Linyi City. All the three reservoirs are situated in 
mountainous areas. It was assumed that the design rainy period was 24 h, with a time interval of 
1 h selected for flood routing. Basic information on the three reservoirs is shown in Table 1. 
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Table 1 Basic information on three reservoirs 
Reservoir Watershed area (km2) 
Stream 
gradient 
Design rainfall at different frequencies (mm) Net rainfall at different frequencies (mm) 
5.0% 3.3% 2.0% 1.0% 0.1% 5.0% 3.3% 2.0% 1.0% 0.1% 
SL 13.8 0.011 235 267 293 336 490 178 206 229 269 414 
WJZ 21.6 0.014 205 230 257 299 431 179 203 229 270 398 
YZ 36.0 0.014 230 257 289 335 483 203 229 260 306 448 
Note: SL, WJZ, and YZ are the Shengli, Wujiazhuang, and Yangzhuang reservoirs, respectively. 
3.2 Calculation of design flood 
Design floods of five flood frequencies, 0.1%, 1.0%, 2.0% , 3.3%, and 5.0%, with seven 
different percentages of water surface area, 0%, 5%, 10%, 20%, 30%, 40%, and 50%, were 
calculated with the method described above. The percentage of 0% means that the watershed 
consists of land areas without water surface. Flood volumes and peak flows of all reservoirs 
for the five flood frequencies with seven different percentages of water surface area are shown 
in Table 2 and Table 3. The flood hydrographs of the Shengli Reservoir for the flood frequency 
of 1.0% with seven different percentages of water surface area are shown in Fig. 1. 
Table 2 Flood volumes of three reservoirs 
Reservoir P (%) 
Flood volume for different percentages of water surface area (104 m3) 
0% 5% 10% 20% 30% 40% 50% 
SL 
0.1 573.1 578.2 583.4 593.6 603.9 614.1 624.4 
1.0 372.7 377.3 381.9 390.9 400.1 409.3 418.5 
2.0 318.0 322.3 326.6 335.2 343.6 352.2 360.9 
3.3 286.8 290.9 294.9 303.1 311.4 319.4 327.7 
5.0 247.1 250.9 254.8 262.6 270.4 278.1 285.9 
WJZ 
0.1 838.0 841.5 844.6 851.3 858.1 866.2 871.5 
1.0 569.1 572.0 575.0 581.0 586.9 592.7 598.5 
2.0 483.1 485.8 488.6 494.3 500.0 505.7 511.3 
3.3 428.7 431.4 433.8 439.3 444.8 450.2 455.7 
5.0 378.2 380.8 383.6 388.5 393.7 399.0 404.2 
YZ 
0.1 1 617.8 1 623.9 1 630.0 1 641.1 1 653.3 1 665.6 1 677.8 
1.0 1 106.2 1 111.2 1 116.2 1 126.2 1 136.0 1 145.7 1 155.7 
2.0  939.4  944.5  949.5 959.6 969.7 979.4 989.6 
3.3  827.8  832.6  837.5 847.3 857.0 866.8 876.2 
5.0  734.8  739.5  744.1 753.5 762.8 772.1 781.2 
It can be seen from Fig. 1 that flood flows at a given time increase with the percentage of 
water surface area. Meanwhile, the peak times of the seven flood hydrographs are the same, 
owing to the fact that rainfall in the water surface watershed directly forms a flood process 
without causing runoff generation and flow concentration processes. 
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Table 3 Peak flows of three reservoirs 
Reservoir P (%) 
Peak flow for different percentages of water surface area (m3/s) 
0% 5% 10% 20% 30% 40% 50% 
SL 
0.1 332.6 341.9 349.8 367.2 383.9 399.0 414.0 
1.0 206.9 214.6 222.2 236.6 249.7 262.6 274.9 
2.0 173.8 180.8 187.6 200.8 213.0 224.9 236.1 
3.3 154.8 161.2 167.3 179.7 192.1 203.2 213.6 
5.0 131.1 137.0 142.8 154.1 165.4 176.0 186.0 
WJZ 
0.1 583.3 603.2 618.0 652.2 681.5 711.0 736.3 
1.0 403.8 419.7 432.2 461.1 488.0 511.5 534.7 
2.0 344.1 359.2 370.9 398.7 424.4 447.9 470.1 
3.3 304.0 318.0 332.4 358.5 383.6 398.9 430.2 
5.0 270.0 282.5 295.2 319.5 342.5  364.3 384.5 
YZ 
0.1 991.6 1 028.0 1 063.3 1 131.7 1 196.3 1 256.6 1 311.3 
1.0 679.6  713.0  746.1  810.5  872.4   930.2   984.4 
2.0 577.2  606.6  635.6  692.9  747.5   799.9   847.6 
3.3 505.8  534.8  563.4  618.3  672.3   723.1   771.1 
5.0 445.1  472.8  500.7  554.6  607.0   657.1   704.7 
 
Fig. 1 Flood hydrographs of Shengli Reservoir at flood frequency of 1% with                       
seven different percentages of water surface area 
3.3 Calculation of relative addition rate 
To analyze the impact of the water surface area of watersheds on design floods, the 
relative addition rates of the flood volume and peak flow with six different percentages of 
water surface area (5%, 10%, 20%, 30%, 40%, and 50%), as compared with those without 
water surface area at each flood frequency, were calculated and are shown in Table 4 and   
Table 5.  
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Table 4 Relative addition rates of flood volume of three reservoirs with                         
different percentages of water surface area 
Reservoir P (%) 
Relative addition rate of flood volume (%) 
Reservoir P (%)
Relative addition rate of flood volume (%) 
5% 10% 20% 30% 40% 50% 5% 10% 20% 30% 40% 50% 
SL 
0.1 
0.9 1.8 3.6 5.4 7.1 9.0 SL 
3.3
1.4 2.8 5.7 8.6 11.4 14.3 
WJZ 0.4 0.8 1.6 2.4 3.4 4.0 WJZ 0.6 1.2 2.5 3.8 5.0 6.3 
YZ 0.4 0.7 1.4 2.2 2.9 3.7 YZ 0.6 1.2 2.4 3.5 4.7 5.9 
SL 
1.0 
1.2 2.5 4.9 7.3 9.8 12.3 SL 
5.0
1.6 3.1 6.3 9.4 12.6 15.7 
WJZ 0.5 1.0 2.1 3.1 4.2 5.2 WJZ 0.7 1.4 2.7 4.1 5.5 6.9 
YZ 0.5 0.9 1.8 2.7 3.6 4.5 YZ 0.6 1.3 2.5 3.8 5.1 6.3 
SL 
2.0 
1.3 2.7 5.4 8.0 10.7 13.5         
WJZ 0.6 1.1 2.3 3.5 4.7 5.8         
YZ 0.5 1.1 2.2 3.2 4.3 5.3         
Note: 5%, 10%, 20%, 30%, 40%, and 50% are the percentages of water surface area. 
Table 5 Relative addition rates of peak flow of three reservoirs with                            
different percentages of water surface area  
Reservoir P (%) 
Relative addition rate of peak flow (%) 
Reservoir P (%)
Relative addition rate of peak flow (%) 
5% 10% 20% 30% 40% 50% 5% 10% 20% 30% 40% 50% 
SL 
0.1 
2.8 5.2 10.4 15.4 20.0 24.5 SL 
3.3
4.1 8.1 16.1 24.1 31.3 38.0 
WJZ 3.4 5.9 11.8 16.8 21.9 26.2 WJZ 4.6 9.4 17.9 26.2 31.2 41.5 
YZ 3.7 7.2 14.1 20.6 26.7 32.2 YZ 5.7 11.4 22.3 32.9 43.0 52.5 
SL 
1.0 
3.7 7.4 14.4 20.7 26.9 32.9 SL 
5.0
4.5 8.9 17.5 26.2 34.2 41.8 
WJZ 3.9 7.0 14.2 20.8 26.7 32.4 WJZ 4.7 9.3 18.4 26.9 35.0 42.4 
YZ 4.9 9.8 19.3 28.4 36.9 44.8 YZ 6.2 12.5 24.6 36.4 47.6 58.3 
SL 
2.0 
4.0 8.0 15.5 22.6 29.4 35.8         
WJZ 4.4 7.8 15.9 23.3 30.2 36.6         
YZ 5.1 10.1 20.1 29.5 38.6 46.9         
3.4 Impact analysis 
It can be seen from Table 2 and Table 3 that the water surface area has a certain impact on 
the flood volume and peak flow. As a general rule, the flood volume and peak flow increase 
with the percentage of water surface area. In terms of the impact degree, the water surface area 
has a greater impact on the peak flow than on the flood volume. Below, we provide detailed 
analyses of the impact of the water surface area:  
3.4.1 Impact of water surface area on flood volume 
(1) It can be seen from Table 4 that, with the same percentage of water surface area, the 
relative addition rate of flood volume increases with the flood frequency. Taking the Shengli 
Reservoir as an example, for a water surface area of 10%, the flood volume increases by 1.8%, 
2.5%, 2.7%, 2.8%, and 3.1% at the frequencies of 0.1%, 1.0%, 2.0%, 3.3%, and 5.0%, 
respectively, compared with the flood volume for a watershed without water surface area. 
(2) Also, the greater the percentage of water surface area is, the greater the relative 
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addition rate of flood volume at the same frequency. The relative addition rate of flood volume is 
positively proportional to the percentage of water surface area at the same frequency. 
(3) Table 4 also shows that the relative addition rate of flood volume decreases with the 
increase of watershed area at the same frequency and percentage of water surface area. For 
instance, with a frequency of 0.1% and the percentage of water surface area of 10%, the 
watershed area of the Yangzhuang Reservoir (36 km2) is greater than that of the Shengli 
Reservoir (13.8 km2), while the relative addition rate of flood volume of the Yangzhuang 
Reservoir is 1.1% smaller than that of the Shengli Reservoir. 
3.4.2 Impact of water surface area on peak flow 
(1) Table 5 indicates that, with the same percentage of water surface area, the relative 
addition rate of peak flow increases with the flood frequency. Taking the Shengli Reservoir as 
an example, peak flow with a water surface area of 10% increases by 5.2%, 7.4%, 8.0%, 8.1%, 
and 8.9% at the frequencies of 0.1%, 1.0%, 2.0%, 3.3%, and 5.0%, respectively, as compared 
to a watershed without water surface area. 
(2) At the same frequency, the relative addition rate of peak flow increases with the 
percentage of water surface area. The relative addition rate of peak flow at the same frequency 
is positively proportional to the percentage of water surface area. 
    (3) Table 5 also indicates that the relative addition rate of peak flow increases with the 
watershed area at the same frequency and percentage of water surface area. For instance, with 
the frequency of 0.1% and the percentage of water surface area of 10%, the relative addition rate 
of peak flow of the Yangzhuang Reservoir is 2.0% greater than that of the Shengli Reservoir. 
In addition, it needs to be pointed out that the relationships between the relative addition 
rates of flood volume and peak flow and the percentage of water surface area should be 
nonlinear in theory, but the relationships are approximately linear in this study. That is because 
runoff generation and flow concentration were not considered in the water surface watershed 
calculation.  
4 Conclusions and suggestions 
From the analyses described above, the conclusions are the following: (1) For the same 
frequency, the greater the percentage of water surface area is, the greater its impacts on the 
flood volume and peak flow. In addition, the impact of the percentage of water surface area on 
the peak flow is greater than that on the flood volume. (2) The impacts of the percentage of 
water surface area on the flood volume and peak flow are positively proportional to the 
frequency. (3) For the same frequency and percentage of water surface area, the greater the 
watershed area is, the higher the relative addition rate of peak flow and the smaller the relative 
addition rate of flood volume. 
Based on these conclusions, the following suggestions are made for design flood 
calculation: (1) When the watershed area is less than 30 km2 with a water surface area of over 
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10% or the watershed area exceeds 30 km2 with a water surface area of over 5%, the impact of 
water surface area should be taken into consideration in the design flood calculation. (2) When 
the impact of water surface area is taken into account in the design flood calculation, the 
watershed should be classified into a land watershed and a water surface watershed for flood 
flow calculation at the same time interval, and the design flood of the whole watershed can be 
obtained by adding the two results of the flood flow calculation together. 
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